Planktonic foraminiferal assemblages are described quantitatively from Hole 893A, a continuous 196.5-m uppermost Quaternary sequence from Santa Barbara Basin, Southern California. A record of glacial/interglacial cycles is clearly exhibited by changes in planktonic foraminiferal assemblages during the last -160 k.y. Faunal changes in the sequence record the northsouth movement of surface-water masses related to the changing relative strengths of the cool California Current and the warm Inshore Countercurrent (Davidson Countercurrent). Glacial maxima (Stages 2, 4, and 6) and late Stage 5 are associated with a Subarctic Assemblage when Subarctic waters had migrated to Southern California, south of Santa Barbara Basin. Average seasurface temperatures in the basin were then less than 10°C. The warmest climatic episodes (Stage 1, or Holocene, and Substage 5e, or Eemian) are both associated with the Transitional Assemblage, which occurs in present-day basinal surface-waters (average sea-surface temperature of 15°C). The only prolonged climatic interval represented by assemblages intermediate between Subarctic and Transitional assemblages is Stage 3 (60 to 25 k.y.). This interval is also marked by the highest temporal variability exhibited by the faunas during the last 160 k.y., in turn reflecting strong climatic oscillations that have also been described in the Greenland Ice Sheet. It is inferred that during Stage 3, the southern boundary of Subarctic waters and the 10°C sea-surface isotherm lay close to the Santa Barbara region. Oscillations in the position of this faunal boundary thus produced the observed high variability in planktonic foraminiferal assemblages during this interval.
INTRODUCTION
This contribution describes quantitative changes in latest Quaternary planktonic foraminiferal assemblages in Ocean Drilling Program Hole 893A, a 196.5-m sediment sequence from Santa Barbara Basin, Southern California. Hole 893A is located at 34°17.25'N, 120°02.2'W, in Santa Barbara Basin, 20 km south of the Santa Barbara coastline at a water depth of 576.5 m (Fig. 1 A) . This is the first continuously cored Quaternary sequence greater than 10 tn thick from the Southern California Borderland Province, which is made up of a number of semi-enclosed basins marked by reduced circulation with the Pacific Ocean at intermediate water depths (Emery, 1962) . As a result, basinal waters are typically low in oxygen, leading to the accumulation of organic carbon and anoxic mud. Site 893 was cored primarily to provide a late Quaternary-age marine paleoclimatic sequence at high stratigraphic resolution for this region of Pacific. Site 893 is one of the few sites in the world ocean in which sediments accumulated sufficiently rapidly (-160 cm/k.y.) and with minimal disturbance to provide a high-resolution paleoclimatic record. Deep-sea carbonate sequences have much lower stratigraphic resolution be-cause of lower sedimentation rates (~2 cm/k.y.) and greater biological mixing.
Santa Barbara Basin is a tectonic depression representing the submerged southwestern part of the Transverse Ranges Province. Terrigenous sediments are delivered from nearby continental sources to the north and south of the basin (Fig. 1A) . During the last glacial maximum when sea level was 121 ± 5 m below the present-day level (Fairbanks, 1989) , four of the Channel Islands merged into a single, large body of land known as Santa Rosae Island, transforming the Santa Barbara Channel into a narrow, sheltered body of water with more restricted circulation with the open Pacific Ocean (Fig. IB) . The basin consists of a very thick (>2000 m), uncomplicated, flat-lying sequence of Quaternary sediments, of which only the topmost part was drilled for Site 893. The basin has a maximum depth of -600 m and dysaerobic (<O.l mL/L oxygen) bottom waters below about 500 m. At the present time, this bottom water is replaced by low oxygen intermediate waters that flow over the sill from the Pacific Ocean. These waters flow into the basin via the oxygen minimum zone occurring at upper bathyal depths off the coast. This further reduces oxygen levels of bottom waters entering the basin. The small supplies of oxygen entering the basin are further depleted as a result of oxidation of abundant organic material derived from highly productive surface waters. Occasional partial turnover occurs at a rate that prevents total stagnation (Sholkovitz and Gieskes, 1971; Reimers et al., 1990) . Santa Barbara Basin is the only basin in the California Borderland Province that exhibits persistent annual varves through most of the A. Present-day physiography. B. Last glacial maximum physiography, when sea level was 120 m lower than the present (Fairbanks, 1989) .
Holocene, in part reflecting an almost complete lack of oxygen in its bottom waters and resulting lack of burrowing organisms. The upper Quaternary sequence at Site 893 represents deposition at high sedimentation rates (-160 cm/k.y.) in suboxic to oxic conditions and contains diatoms, radiolarians, foraminifers, and pollen in sufficient abundance, thus providing an important opportunity for high-resolution late Quaternary paleoclimatic/paleoceanographic investigations (Kennett, Baldauf, et al., 1994) . In combination with high sedimentation rates it is possible to resolve decadal paleoclimatic changes and even subannual to annual climatic change in those parts of the sequence where annual laminae are preserved.
The Santa Barbara Basin sediment sequence is well located to sensitively record global climate changes that occurred during the Quaternary. The dominant hydrographic features that have influenced the Santa Barbara Basin are (1) southward flowing, cold California Current; (2) northward flowing, warmer, surface Inshore Countercurrent (Davidson Current) and subsurface countercurrent (California Undercurrent); and (3) associated coastal and offshore upwelling systems (Huyer, 1983; Lynn and Simpson, 1987; Simpson and Lynn, 1990; Hickey, 1992) . The character and distribution of these currents are determined by ocean-atmosphere interactions over broad areas of the Pacific Ocean (Reid et al., 1958; Douglas, 1981; Simpson and Lynn, 1990) . It has long been established that major variations in late Cenozoic molluscan and foraminiferal assemblages throughout the Pacific Coast of North America have, in large measure, been in response to migrating isotherms associated with global climate cycles (Durham, 1950; Addicott, 1969; Ingle, 1967 Ingle, , 1973 . Indeed global climatic oscillations are often sensed most sharply at mid-latitude locations and most especially within areas of eastern boundary currents (Ingle, 1973) , as in Southern California. During PLANKT0N1C FORAMINIFERAL ASSEMBLAGE CHANGES the late Quaternary a number of studies have shown that California Current circulation intensified and expanded southward and that tropical waters retreated during the last glacial maximum compared with today (Moore, 1973 (Moore, , 1978 CLIMAP Project Members, 1981; Molina-Cruz, 1988) . At present the California Current is primarily a near-surface (0-300 m) current, the core of which is located 300 to 400 km offshore (Lynn and Simpson, 1987) . Mesoscale eddies associated with the California Current transfer cold surface waters to California coastal regions including Santa Barbara Basin (Simpson and Lynn, 1990) . In the present day a dominant feature of the surface circulation in Santa Barbara Basin is a semipermanent cyclonic gyre that incorporates water from both the northwest and southeast. The seasonal cycle of flow within the California Current system in the California Bight and regions to the north is marked by the seasonal appearance of the Davidson Current and by intensification of the California Undercurrent. Where the subsurface poleward flow reaches shallow levels (<50 m) it is almost indistinguishable from the surface Inshore Countercurrent (Lynn and Simpson, 1987) .
Seasonal variations in the strength of the California Current and the countercurrents that affect Santa Barbara Basin are primarily responses to changes in wind strength and direction. Northerly winds are generally strongest between April and August (spring and summer), causing strong flow of the cold California Current toward the south, and associated weak cyclonic flow of cold waters into Santa Barbara Basin. Conversely, from December to February, when the northerly winds weaken, the Davidson Current is stronger and a net poleward surface transport of warm waters occurs along the coast (Pisias, 1978; Lynn and Simpson, 1987) .
Coastal upwelling is a pervasive feature off the west coast of North America. This upwelling of subsurface waters results from offshore Ekman transport of surface waters away from the continent due to equatorward winds along the coast (e.g., Huyer, 1983) . Active upwelling is largely restricted to a narrow band (-10-25 km wide) along the entire coast, although the region influenced by upwelling appears to be much wider. Coastal upwelling is relatively weak in the Santa Barbara Basin region because of a zonal coastline and weaker winds (Huyer, 1983) . Nevertheless, nutrient-rich waters are transported into the basin in eddies from the important coastal upwelling zone located seaward of Point Conception. Near Point Conception, eddy mixing occurs between the coastal upwelling zone (within 50 km of the coast) and the offshore oceanic regime associated with the core of the California Current. This seems to result from interaction between the bathymetry and the poleward-flowing California Undercurrent (Simpson and Lynn, 1990) .
Seasonal changes in the strength and direction of the winds influence the intensity of upwelling near Point Conception and, in turn, biological productivity in Santa Barbara Basin. Strong upwelling episodes occur from late spring to early summer. Individual upwelling episodes lasting up to three weeks vary according to the strength of the northerly winds (Bakun, 1975; McGowan, 1984; Eppley, 1986; Atkinson et al., 1986) . The upwelled water is cold, oxygen poor, and nutrient rich in comparison with the surface waters. The upwelling of cold waters during summer and the increased northward flow in winter of the relatively warm Davidson Current reduces the annual temperature range in the surface waters, although this is still high at 12°C (Pisias, 1979) .
Periods of intensification of the Davidson Current are related to El Nino Southern Oscillation (ENSO) events that affect the entire eastern Pacific and typically occur at intervals of ~5 to 7 yr (Enfield and Allen, 1980; Robles and Marinone, 1987) . In the region of Santa Barbara Basin, these warm events coincide with episodes of decreased plankton productivity and reduced southerly flow of the California Current (Eppley, 1986) . The warmer events are commonly associated with anomalously high rainfall in Southern California (Namias, 1969) .
Previous paleoclimatic studies of the late Quaternary of Santa Barbara Basin were restricted to the Holocene (<~9 ka). Dunbar (1983) produced a high-resolution planktonic foraminiferal (Globigerina bulloides) oxygen isotopic record for the last 230 yr from a box core. This record closely correlates with the historical record of sea-surface temperature in the region since 1870. The amplitude of the oxygen isotopic signal is large (1.5%o) and partly reflects the large temporal and seasonal variability of sea-surface temperatures caused by upwelling and ENSO events. However, Dunbar (1983) noted that the isotopic range is greater than expected from historical temperature records, because it is amplified by seasonal and/or annual differential production of G. bulloides. A number of other investigations on the Santa Barbara Basin cores have dealt with the paleoclimatic history at high-resolution within the last 300 yr (Soutar and Crill, 1977; Weinheimer et al., 1986; Schimmelmann and Tegner, 1991) .
Only two studies of sediments of Santa Barbara Basin focused on paleoclimatic records on time scales of 1000 yr or greater, although both are limited to the Holocene. No previous paleoclimatic studies have quantitatively examined planktonic foraminiferal assemblages of latest Quaternary age in the basin. However, other microfossil groups have been employed. Pisias (1978 Pisias ( , 1979 documented a paleoclimatic-paleoceanographic record of radiolarian-based sea-surface temperatures for the past 8000 yr. This study suggested a history of significant paleoclimatic/paleoceanographic changes during the Holocene. Heusser (1978) documented Holocene terrestrial climate changes based on changes in pollens and spores in a core from Santa Barbara Basin. This work suggests that the climate in the area from 8 to 5.4 ka was dominantly warm subtropical and humid. Warm seasurface temperatures, increased rainfall, and reduced southerly flow of the California Current indicated by these studies suggest a prolonged period that is ENSO-like in character. Since 5.4 ka, the area has undergone significant paleoclimatic fluctuations including strengthening of the California Current system (Pisias, 1978) . Paleotemperature estimates based on changes in radiolarian assemblages in Santa Barbara Basin suggest a maximum range of 12°C (February) during the Holocene, which is close to a recorded range of 11°C for a 25-yr period from 1952 to 1977 (Pisias, 1978 (Pisias, , 1979 .
The principal changes in planktonic foraminiferal assemblages during latest Quaternary glacial/interglacial oscillations in Southern California are well known from studies of piston cores (Bandy, 1968; Ingle, 1967) . A relatively diverse fauna dominated by dextral-coiled Neogloboquadrina pachyderma is characteristic of modern assemblages and those of the Holocene interglacial. In distinct contrast, the last glacial episode is marked by assemblages of lower diversity dominated by sinistral-coiled N. pachyderma. Planktonic foraminiferal assemblages of the last glacial episode in Southern California are typical of the modern Subarctic Pacific. In addition to sinistral N. pachyderma this assemblage contains Globigerina bulloides, Globigerina quinqueloba and Globigerinita uvula in relatively low abundances. This is the Subarctic Pacific Assemblage (Bradshaw, 1959; Bandy, 1968 Bandy, , 1969 Reynolds and Thunell, 1985; Ortiz and Mix, 1992) .
In spite of the mid-latitude location at 34°N, modern and Holocene planktonic foraminiferal assemblages in Santa Barbara Basin are cool temperate in character because of the influence of the cool, southward-flowing California Current and offshore upwelling of cool intermediate waters. In the offshore area near Point Conception, to the west of Santa Barbara Basin, surface-water temperatures of 10.2°C have been reported at centers of upwelling, whereas intervals of nonupwelling in the same area are marked by temperatures as high as 14°-15°C (Atkinson etal., 1986) . The typical present-day seasonal sea-surface (mixed-layer) temperature range in Santa Barbara Basin is ~12°C to 17°C (average 12°C). During ENSO episodes, which occur every several years, sea-surface temperatures may rise to 20°C and subtropical planktonic assemblages are more strongly transported to Santa Barbara Basin. Modern planktonic foraminiferal assemblages in Santa Barbara Basin are dominated by dextral-coiled N. pachyderma, Globigerina bulloides, and Globigerina quinqueloba. Also represented are Neogloboquadrina dutertrei, Globorotalia in-flora, Globorotalia truncatulinoides (sinistral), Globigerinoides ruber, Orbulina universa, and a few others. This is the Transitional Assemblage (Bradshaw, 1959; Bandy, 1968) . Globigerina bulloides and Globigerina quinqueloba are also important elements of the Subarctic assemblage.
In the present northeast Pacific, the boundary between the Subarctic and Transitional assemblages is considered to be between -40 °-45°N, off the coasts of Oregon and Washington (Bradshaw, 1959) and coincides with the Polar Front or Subarctic Convergence. This is equivalent to the Subpolar Front (40°-55°N) of Roden (1977) . Southward-flowing California Current waters presently originate in the transition zone south of the Subpolar Front near 50°N. North of the Subpolar Front, geostrophic flow is cyclonic, and hence northward along the continental margin. According to Bradshaw (1959) , the faunal boundary between Subarctic and Transitional assemblages is associated with a switch from dominantly sinistral to dextral-coiled populations of N. pachyderma, and coincides with the 9°C to 11 °C summer isotherm in the northeast Pacific (Smith, 1964; Bandy, 1968 Bandy, , 1969 Ingle, 1967) . In the northeast Pacific, Reynolds and Thunell (1986) found that the switch from dominantly sinistral to dominantly dextral-coiled N. pachyderma occurred at ~8°C. However, their later work (Sautter and Thunell; 1989) showed that temperature-faunal relationships are more complex. Since N. pachyderma is a deeperdwelling mixed-layer species (Fairbanks and Wiebe, 1980; Fairbanks et al., 1982) , it may not accurately record temperature changes at the sea surface (Sautter and Thunell, 1989) . Nevertheless, it is clear that a general relation exists between ocean temperature and the switch between dominantly sinistral and dextral-coiled populations of N. pachyderma. Sautter and Thunell (1991) indicate that the preferred temperature range of dextral-coiled N. pachyderma, inferred from oxygen and carbon isotopic measurements of specimens from the Southern California Bight, to be between 10° and 15°C. Although there is still no consensus on the exact temperature of the coiling switch, for the purposes of this paper we assume 10°C.
Detailed relations between the assemblage changes and the water mass boundary are also not well known. In the modern ocean, the Subarctic Assemblage exists both north of the Subpolar Front (Sautter and Thunell, 1989) and south of the front in transitional waters off southern Oregon (Ortiz and Mix, 1992) . This is because surface-water temperature changes are related to both the changing strength of the California Current and increased upwelling that brings cold waters to the ocean surface (Ortiz and Mix, 1992) . Related strong oceanographic gradients cause large changes in planktonic foraminiferal assemblages progressing offshore from Oregon across the California Current. In this region, sinistral-coiled yv. pachyderma is relatively abundant near the coast due to the combined influences of the Subarctic Water Mass and intensified coastal upwelling (Ortiz and Mix, 1992) .
Abundant populations of sinistral-coiled N. pachyderma (90% to 100% sinistral) occur at temperatures lower than the ~6°C summer isotherm (Bandy, 1968; Be, 1973) . In the Antarctic region, sediment assemblages highly dominated by sinistral-coiled N. pachyderma (>~90%) occur south of the Polar Front and the 4°C summer sea-surface isotherm (Kennett, 1968) . Assemblages dominated by dextralcoiled N. pachyderma and associated forms are bounded by the 10°C and 20°C summer surface-water isotherms (Kennett, 1976) .
Studies of planktonic foraminiferal assemblages captured in a sediment trap deployed in San Pedro Basin in the California Borderland southeast of Santa Barbara Basin suggest a seasonal succession of species occurs during the year (Sautter and Thunell, 1991; Sautter and Sancetta, 1992) . Although based on a short time series, the data suggest that seasonal species dominance changes from G. bulloides in the winter to dextral-coiled N. pachyderma and G. quinqueloba in the spring (April) to G. bulloides during upwelling and to N. dutertrei immediately following upwelling. A summer assemblage that includes G. ruber appears as surface waters become strongly stratified.
Studies over a longer time period may reveal a more complex history of seasonal species succession.
STRATIGRAPHY AND CHRONOLOGY
The upper Quaternary sequence at Hole 893A is largely hemipelagic mud composed primarily of olive gray silt and clay with minor quantities of diatoms, foraminifers, and calcareous nannofossils (Kennett, Baldauf, et al., 1994) . The sequence consists of well-laminated to nonlaminated (massive) sediments, representing deposition in low-oxygen to oxygenated environments, respectively. Two broadly similar sedimentary cycles comprise the entire 200-m sequence. Each consists of a lower, intermittently laminated interval passing upward with decreasing abundance of laminations into a relatively thin (15 m) homogeneous interval. This homogeneous interval is then succeeded abruptly by a relatively thin (-15-25 m) interval of almost continuously well-laminated sediment (Kennett, Baldauf, et al., 1994) . Sand beds are relatively rare in the core and are almost completely absent in the well-laminated intervals.
Oxygen isotopic stratigraphy of Hole 893A (Kennett, this volume) and pollen analysis (Heusser, this volume) indicate that the sequence ranges from near the base of Oxygen Isotope Stage 6 (~ 160 ka) to the present day. The sequence, therefore, includes two glacial maxima (Stages 6 and 2) and two interglacial episodes (Stages 5 and
1).
An age model for the upper 43 mbsf of Hole 893 A was developed using a total of 17 accelerator mass spectrometric (AMS) radiocarbon ages of planktonic foraminiferal samples (Ingram and Kennett, this volume) . This represents the last 28.9 ka. The I4 C ages younger than 10.6 ka have been calibrated to calendar years following Stuiver and Braziunas (1993) and for older samples following Bard et al. (1990) . Also, a correction of 825 yr has been applied for the local ocean reservoir age (Ingram and Kennett, this volume).
The Hole 893A sequence at greater depth has been dated using oxygen isotope events (Kennett, this volume) and a paleoclimatic curve based on changes in pollen assemblages (Heusser, this volume) . Unambiguous paleoclimatic events recorded in Hole 893A have been correlated with the standard deep-sea oxygen isotope chronology (Martinson et al., 1987) .00 m. Assignments of sediment thickness in the core were corrected for all gaps (voids) resulting from sediment displacement due to gas expansion (Merrill and Rack, this volume). Ages for all levels deeper than 43 mbsf were calculated using linear interpolation between each of the datums employed (Kennett, this volume) . All foraminiferal data are plotted against calendar years.
The chronological spacing of the foraminiferal samples in Site 893A is every -450 years for the last 20 ka and every -1000 yr for older intervals. Each sample represents an interval of-20 to 30 years.
MATERIALS AND METHODS
Samples of 10 cm 3 volume were taken at moderately high stratigraphic resolution from Hole 893A for foraminiferal investigations. These are at ~50-cm intervals in the upper 25 m and ~ 100-to 150-cm intervals for the remaining section. The raw samples were oven dried at 50°C, disaggregated using warm water, washed over a 63-µm sieve, and oven dried at 50°C. In most cases more than 300 (minimum of-250) specimens of planktonic foraminifers were counted in the >150-µm fraction in a total of 119 samples, and the percentage calculated. A small proportion (<15%) of the samples lacked sufficient numbers of planktonic foraminifers for census work. Samples from the lowermost 5 m (below -191) of Hole 893 A are almost bar-
Figure 2. Percent frequency changes with age (ka) of Globigerina quinqueloba (smoothed using 3-point running average) within planktonic foraminiferal assemblages compared with oxygen isotopic stratigraphy (Kennett, this volume) in Hole 893A. The assignment of oxygen isotopic stages also indicated.
ren of foraminifers. Low abundance is probably the result of insufficiently high productivity of planktonic foraminifers during the brief (20-30 yr) interval represented by each sample.
RESULTS
Planktonic foraminiferal assemblages, where present, are well preserved and do not appear to have been strongly affected by dissolution. The relatively delicate forms G. bulloides and G. quinqueloba occur throughout, also suggesting that dissolution was generally not severe. Studies of planktonic foraminiferal assemblages caught in a sediment trap in San Pedro Basin (Sautter and Thunell, 1991) indicate a quantitative dominance of these two forms over N. pachyderma, and they therefore should also dominate in sediment assemblages. This is not the case, which led Sautter and Thunell (1991) to suggest that ocean-floor assemblages have been strongly modified by dissolution. A persistent dominance of N. pachyderma in Hole 893 A therefore may also reflect the importance of dissolution on the planktonic foraminiferal assemblages. Nevertheless, G. quinqueloba is present in relatively high abundances throughout the sequence, except during much of Stage 5 (Fig. 2) , suggesting that faunal composition has not been primarily controlled by dissolution.
Interglacial planktonic foraminiferal assemblages in Hole 893A, present in the Holocene (Stage 1) and isotope Substage 5e, are moderately diverse, and are represented by a total of 16 species. Individual samples contain up to -12 species (Table 1) . By far, the most dominant form is dextral-coiled N. pachyderma, which exhibits percentage frequencies ranging from -40% to 80%. The other most common species are G. bulloides and G. quinqueloba. The remaining species occur in relatively low frequencies. Of these, the most persistent forms occurring in the sequence are sinistral-coiled N. pachyderma, G. umbilicata, N. dutertrei, G. scitula, G. ruber, O. universa and G. glutinata. Glacial assemblages are usually dominated by a single-form sinistral-coiled N. pachyderma, whereas G. quinqueloba and G. bulloides are common to abundant (Table 1) . Dextral-coiled N.
pachyderma may be present in variable abundances, although the coolest assemblages contain few individuals. Other forms consistently present are G. umbilicata and G. scitula, whereas the occurrence of G. glutinata is sporadic. Other forms typical of interglacial assemblages are generally absent.
Species frequency oscillations of the most abundant planktonic foraminiferal taxa in Hole 893A are plotted against depth in Figures 3 and 4 and against age in Figures 2, 5, and 6. The distributions of paleoclimatically useful taxa that occur in relatively low abundances are shown in Figure 7 .
Neogloboquadrina pachyderma (dextral-coiling) (Figs. 2 and 4) exhibits frequency oscillations that switch abruptly between two extremes; <10% to >~50%. Few samples exhibit intermediate values. This species is the dominant form during intervals of peak warmth represented by interglacial Stage I and Substage 5e. During these intervals dextral-coiled N. pachyderma makes up between -40% and 80% of the assemblage. The relative abundance of this form is consistently highest during Substage 5e (Fig. 3) where it forms from 60% to 80% of the assemblage. This compares with Stage 1, where it generally forms from 40% to 65% of the assemblage. Variation in relative abundances of this form is greater in Stage I than in Substage 5e. During all other intervals dextral-coiled N. pachyderma generally exhibits frequencies lower than 10%. Brief intervals with higher relative abundances are associated with interstadial Stage 3.
Neogloboquadrina pachyderma (sinistral coiling) (Figs. 3 and 5), a polar to subpolar species, exhibits frequency variations generally opposite to those of dextral-coiled N. pachyderma. During intervals of peak warmth (Stage 1 and Substage 5e) this species is unimportant in the assemblage (<~5%). Most other intervals exhibit much higher relative abundances (>50%), although large variation (-10% to 95%) was observed. Apart from the warmest intervals, the changes in relative abundance of sinistral-coiled N. pachyderma are not clearly related to the isotopic paleotemperature changes. The coldest intervals are not represented by higher relative abundances of this form, nor are the warmest intervals marked by generally lower abundances. For example, much of Stage 5 (5c to 5a) is marked by relatively high frequencies (>60%) of sinistral-coiled N. pachyderma, rather than lower percentages as might be expected. Likewise, intervals of glacial extremes (Stages 2 and 4) are not associated with higher relative abundances of this form.
N. pachyderma assemblages also exhibit switches in coiling direction that generally mirror changes in percent frequency of this species (Figs. 3 and 5) . The coiling ratios switch between two extremes: <10% dextral to >90% dextral. Assemblages marked by percent dextral-coiling less than 5% to 10% are associated with Stages 2, 4, and 6 and much of Stage 5, whereas assemblages exhibiting >90% to 95% dextral-coiling are associated only with Stage 1 and Substage 5e. Stage 3 is associated with large fluctuations in coiling ratios (-4% to 90% dextral-coiling) . This is the only interval with coiling ratio values intermediate between the two extremes. Thus, apart from intervals within Stage 3, dextral forms dominate only during peak interglacial episodes.
Globigerina quinqueloba percent frequency variations are large (-2% to 70%) and highly variable (Figs. 2 and 4) . These changes show no consistent relations with the oxygen isotopic climatic record. In general, peak values of this species are associated with transitions between glacial and interglacial episodes (6/5, 5/4, 3/2, and 2/1). The lowest consistent values (3%-l 5%) are associated with Stage 5. However, values are much higher (~10%-40%) in Stage 1.
Globigerina bulloides likewise exhibits high variability in relative abundances with maximum frequencies of 50% (Figs. 4 and 6) . No clear relations exist between this variability and the climatic oscillations based on oxygen isotopic changes.
Globigerinoides ruber is a warm subtropical species occurring in low frequencies (<4%) especially during relatively warm intervals in Hole 893 A (Fig. 7) . The most consistent occurrences of G. ruber are (Fig. 7) . This form is mostly absent in other intervals.
Globorotalia inflata responded as a warm-water form in Hole 893A, forming two main frequency peaks (up to ~3%) in Stage 1 and Substage 5e (Fig. 7) . Otherwise, this species is present only in a few intervals during Stage 6.
Orbulina universa, another warm-water species, also forms two main peaks (generally up to 2%, with maximum of 4%) associated with Stage 1 and Substage 5e (Fig. 7) . This form is also present consistently, although in low abundances, during Stage 3. Other occurrences are minor.
The percentages of four relatively warm-water species in Santa Barbara Basin (G. ruber, N. dutertrei, G. inflata, and O. universa Two other planktonic forms that occur consistently, although in relatively low abundances (<~4%), in Hole 893A are Globorotalia scitula and Globigerinita glutinata. Neither exhibits trends apparently related to climatic oscillations.
Detailed changes in N. pachyderma frequencies and coiling ratios for the last 20 ka are shown in Figure 9 plotted against the oxygen isotopic record. The last glacial maximum (20 to 17 ka) is indicated by relatively high frequencies of sinistral-coiled N. pachyderma, low frequencies of dextral-coiled N. pachyderma, and high ratio of dextral to sinistral forms of N. pachyderma. An abrupt switch occurs to higher values of dextral-coiled N. pachyderma, low values of sinistral-coiled N. pachyderma, and a low ratio of dextral to sinistral forms of N. pachyderma between 17 and 16 ka during the early part Dryas cooling event. Other than during the Younger Dryas the percent frequency of sinistral-coiled N. pachyderma and coiling ratio changes exhibit little variation during the last 16.5 ka. Frequency variations shown by dextral-coiled N. pachyderma are significantly higher (from 40% to 80%) during the interval representing the last 10 ka. Highest frequencies occur at ~ 9 ka (Fig. 9 ).
DISCUSSION

Climatic History
Comparisons between the oxygen isotopic record and changes in planktonic foraminiferal assemblages in Hole 893A clearly show that the assemblages responded to glacial/interglacial oscillations during the last 160 ka. Quantitatively, this is most clearly illustrated by changes in relative frequency of dextral and sinistral-coiled N. pachyderma and in the coiling ratio changes of this species. Cool-water assemblages were usually dominated by sinistral-coiled N. pachyderma, whereas warm-water assemblages were dominated by dextral-coiled iV. pachyderma. Warm-water assemblages are also marked by a higher species diversity owing to the presence of several subtropical taxa. The presence of these subtropical forms clearly marks the peak warming intervals (Stage 1 and Substage 5e) of the last 160 ka. Changes in planktonic foraminiferal assemblage composition clearly define the warmest (Stage 1 and Substage 5e) and coolest (Stages 2, 4 and 6) intervals in the sequence. Interstadial Stage 3 is associated with planktonic foraminiferal assemblages that are at times intermediate in character between those of glacial and interglacial episodes.
In spite of these close relations, changes in the planktonic foraminiferal assemblages do not completely mirror the pattern of oxygen isotopic change. This is most clearly shown by the absence of a warm-water assemblage associated with the younger part of Stage 5 (5c to 5a; 110 to 70 ka). Instead, this warm interval is anomalous in its association with a cool-water assemblage dominated by sinistralcoiled N. pachyderma and almost complete lack of forms characteristic of warm waters. The dominance of a cool-water planktonic foraminiferal assemblage during an interglacial episode marked by Figure 5. Changes in Neogloboquαdrinα pachyderma characteristics with age compared with oxygen isotope stratigraphy (Kennett, this volume) in Hole 893A. Shown are percent frequency changes of dextral and sinistral forms of N. pachyderma in planktonic foraminiferal assemblages (>150 µm), percentage of dextral-coiling forms within N. pachyderma, and assigned oxygen isotopic stages for this 160-ka record.
relatively high oxygen isotopic temperatures is difficult to explain. One possibility is that dissolution increased abundances of the more dissolution-resistant sinistral forms relative to dextral forms of N. pachyderma (Sautter and Thunell, 1989) . Although the planktonic foraminifers seem well preserved, much of this interval is marked by relatively low abundances of the dissolution-susceptible form G. quinqueloba (Figs. 2 and 4) . On the other hand, the assemblages in this interval exhibit no increase in N. dutertrei, which would likely have been the case if they had been originally warm and subsequently modified by dissolution. Sautter and Thunell (1991) found that increased dissolution of planktonic foraminiferal assemblages in San Pedro Basin, Southern California, led to increased frequencies of N.
G. bulloides (3 pt. smoothed %) Figure 6 . Percent frequency changes with age (ka) of Globigerina bulloides (smoothed using 3-point running average) within planktonic foraminiferal assemblages compared with oxygen isotopic stratigraphy (Kennett, this volume) in Hole 893A. The assignment of oxygen isotopic stages is indicated for this 160-ka record.
dutertrei, a relatively robust warm-water taxon. The character of other microfossil groups in this interval may help resolve this problem.
Times of cool sea-surface temperatures in Santa Barbara Basin are associated with increased influence of the cool California Current and weakened northward flow of the warm Davidson Countercurrent. In contrast, episodes of relatively warm sea-surface temperatures in Santa Barbara Basin are associated with weakened southerly flow of the California Current. Quantitative changes in planktonic foraminiferal assemblages in Hole 893A during the late Quaternary reflect the changing relative strength of the California Current and Davidson Countercurrent. The sequence records the meridional movement within the California Current of the Subarctic and Transitional Water Masses and their associated planktonic assemblages over the northern part of the Southern California Borderland Province.
The two distinctly different assemblages marking these two surface-water masses are clearly marked by changes in dominance of sinistral-coiled relative to dextral-coiled N. pachyderma and other faunal characteristics. The present-day Transitional Assemblage in Santa Barbara Basin, dominated by dextral-coiled N. pachyderma, is characteristic of the warmest intervals of the late Quaternary in this region. These assemblages are associated with average modern seasurface temperatures in the basin of ~15°C (range from -12° to 17°C or even seasonally higher). Slightly warmer conditions occurred at times during the Holocene (Fig. 9) , as suggested by the higher frequencies (~60%-70%) of dextral-coiled N. pachyderma compared with average late Holocene values (~40%-50%). Conditions were clearly warmer during much of the Eemian (Substage 5e; Figs. 2 and 4) based on changes in the faunal parameters. The distribution of modern planktonic foraminiferal assemblages in surface sediments and the water column in the northeast Pacific region have been inadequately described as a basis for detailed estimates of late Quaternary paleotemperature changes of surface waters in the basin. Relationships between assemblages and hydrographic properties, including upwelling, are insufficiently understood. However, it has been determined that Subarctic waters located north at -45 °-50°N in the northeast Pacific are associated with dominantly sinistral-coiled N. pachyderma (Bradshaw, 1959; Smith, 1964; Bandy, 1968; Sautter and Thunell, 1989; Ortiz and Mix, 1992) . The biogeographic boundary associated with the switch from dominantly sinistral to dominantly dextral-coiled N. pachyderma closely coincides with the Subpolar Figure 7 . Percent frequency changes with age (ka) of Globigerinoides ruber, Neogloboquadrina dutertrei, Globorotalia inflata, and Orbulina universa and the sum of these percentages shown as total warm forms within planktonic foraminiferal assemblages in Hole 893A. Front. This boundary also coincides with the l0°C summer isotherm.
Cooling of surface to near-surface waters due to upwelling also causes major changes in planktonic foraminiferal assemblages (Ortiz and Mix, 1992) . Hence, the relative abundance of sinistral-coiled N. pαchydermα in coastal regions off Oregon results from a combination of influences of Subarctic Water and increased coastal upwelling (Ortiz and Mix, 1992 ). It appears, therefore, that the change in relative dominance of the two coiling forms of N. pαchydermα occurs at l0°C. Average minimal sea-surface temperatures in Hole 893A, Total warm forms (%) Figure 8 . Percent frequency changes with age (ka) of species assigned as warm forms (see caption to Figure 7 for species included) within planktonic foraminiferal assemblages compared with oxygen isotopic stratigraphy (Kennett, this volume) in Hole 893A. The assignment of oxygen isotopic stages is indicated for this 160-ka record.
such as occurred during glacial maxima, are difficult to estimate because of inadequate knowledge of modern regional distribution patterns of planktonic foraminifers. Subarctic faunal assemblages marked by sinistral coiling ratios of N. pαchydermα higher than 90% are associated with even colder sea-surface temperatures. Estimates of ~6°C have been suggested (Bandy, 1968; Be, 1973) although the magnitude of glacial-interglacial δ l8 0 change in planktonic foraminifers in Hole 893A (Kennett and Ingram, this volume) suggest that temperatures were no lower than ~7°-8°C, values we adopt here.
Based on the assumption that these relationships between faunal and temperature changes are correct, average sea-surface temperatures in Santa Barbara Basin during the latest Quaternary ranged between -7° and 8°C during glacial maxima and 15°C during peak interglacial episodes, including the present day. This provides a total minimum range of 7°-8°C average temperatures for the latest Quaternary. This value is similar to the average sea-surface temperature range between the glacial and interglacial maxima determined for the California Current region off northern Mexico (CLIMAP Project Members, 1976) .
The total estimated range of 7°-8°C in average sea-surface temperatures between glacial and interglacial episodes is less than the 11°C total recorded range in surface-water temperatures from 1952 to 1977 (Pisias, 1978) . However, a smaller range is expected because our paleotemperature estimates represent average rather than extreme values. This is also smaller than the 12°C temperature range (February) estimated for the Holocene in the Santa Barbara Basin using changes in radiolarian assemblages (Pisias, 1978 (Pisias, , 1979 . The majority of samples in Hole 893A exhibit planktonic foraminiferal assemblages that represent two extremes within the Subarctic and Transitional Assemblages (Fig. 3) . Most samples of Subarctic character are marked by <10% dextral-coiled and 40% to 70% sinistralcoiled N. pαchydermα. In addition the coiling ratios of N. pαchyder-mα assemblages are <10% dextral. In contrast, most assemblages identified as Transitional are marked by 50% to 70% dextral-coiled and <5% sinistral-coiled N. pαchydermα and a coiling ratio of >90%. The changes between these two extreme assemblages were usually rapid, although gradual at certain times. Gradual change is clearest during Termination II and at the end of Substage 5e (Fig. 5) , but not during Termination I. Changes between the two contrasting assemblages are evident during the last 20 ka (Fig. 9) Oxygen isotopic values of planktonic foraminifers increased by 0.8%o at this time reflecting a ~3°C decrease in surface-water temperature, about one-half the change back to a full glacial episode (Kennett, this volume) . Subarctic planktonic foraminiferal assemblages in Hole 893A are associated with glacial Stages 2, 4, and 6, which represent the coldest intervals of the sequence. During these intervals of intensification of the California Current, Subarctic waters migrated to the south of Santa Barbara Basin. Intensification of the California Current system during the last glacial maximum is recorded at least as far south as the Gulf of California (Molina-Cruz, 1988) . In this region, changing latest Quaternary conditions were influenced more by the California Current than by changes in equatorial waters (Molina-Cruz, 1988) . Subarctic assemblages also anomalously occur during the younger part of interglacial Stage 5 (Stage 5c to 5a). The peak warming intervals, represented by the Transitional Assemblage, are associated with interglacial Stage 1 and Substage 5e. During these intervals Subarctic Water occurred far to the north of Santa Barbara Basin, as in the present day. The warm Davidson Countercurrent strongly influenced assemblages in the basin at these times, and increased surface-water stratification farther to the south in San Pedro Basin is marked by the presence of G. ruber (Sautter and Thunell, 1991 (Figs. 3 and  5) . The significantly higher climatic variability exhibited during Stage 3 is similar to that previously described for the same interval in the Greenland Ice Sheet (Dansgaard et al., 1993) . At other times, temperatures were significantly warmer or cooler than 10°C producing smaller temporal variability in the assemblages in Hole 893A.
During periods of intensification of the Davidson Countercurrent, warm surface-waters are transported northward to Santa Barbara Basin. Although we have no modern planktonic foraminiferal data from Santa Barbara Basin, it is likely that it was only at these times that the subtropical form G. ruber is present in basin surface. The northward transport of warm water would have been especially strong during ENSO events. Therefore, it appears significant that G. ruber was found throughout much of the late Quaternary sequence in Hole 893A, although relative abundances are always low (Fig. 7) . This species was not found during the last glacial maximum and the early part of the last deglaciation (19 to 14 ka), or during a prolonged interval from 110 to 60 ka. Otherwise, its distribution in Hole 893A suggests that warm-water influences from the south persisted in Santa Barbara Basin during much of the late Quaternary, including a number of cold intervals such as Stage 6. During these cold intervals, Subarctic Water had migrated to the Southern California region. The presence of G. ruber during such cool intervals may therefore represent evidence for anomalously warm events influencing surface waters of Santa Barbara Basin during much of the late Quaternary. Such extreme climatic episodes are likely to be those related to ENSO events. The stratigraphic record of G. ruber does not show simple relations with glacial/interglacial cycles (other than its consistent relative abundance with the peak warm intervals, Stage 1 and Substage 5e, but nevertheless it seems likely that higher resolution investigations will provide useful information on the changing influence of ENSO events in Southern California during the late Quaternary.
Paleo-upwelling
The Santa Barbara Basin experiences episodes of strong upwelling from late spring to early summer with individual upwelling events lasting up to several weeks related to changing strength of the California Current (Bakun, 1975; Eppley, 1986) . It is generally considered that the presence of G. bulloides in significant numbers is an indication of oceanic upwelling (Thiede, 1975; Prell and Curry, 1981; Prell, 1984) . For example, sediment trap studies in the San Pedro Basin to the southeast of Santa Barbara Basin (Sautter and Thunell, 1991; Sautter and Sancetta, 1992) indicate that G. bulloides increases to maximum production during strongest upwelling and is then the dominant foraminiferal taxon. Although this form exists over a wide range of oceanic environments and temperatures, it is most abundant in cool subtropical/transitional waters during times of upwelling (Sautter and Thunell, 1991) . In Hole 893A, G. bulloides exhibits large fluctuations (up to 50%) in relative abundance through the entire sequence. These fluctuations do not appear to be related to the late Quaternary climate cycles. If it is valid that increases in the abundance of G. bulloides represent evidence of significant upwelling, it follows that oceanic upwelling continually affected the Santa Barbara Basin during the late Quaternary. This appears to have occurred during both glacial and interglacial episodes. The severe restriction of the basin and increased isolation from the open ocean during glacial low stands of sea level (Fig. IB) did not reduce the productivity of this species. CONCLUSIONS 1. Late Quaternary planktonic foraminiferal assemblages have been quantitatively analyzed in Hole 893A, a 196.5-m sequence in Santa Barbara Basin representing the last ~ 160 ka. The faunas exhibit major oscillations in close association with interglacial/glacial cycles independently recognized using oxygen isotopic stratigraphy.
2. The sequence exhibits distinct oscillations between glacial and interglacial assemblages. Interglacial assemblages are moderately diverse and dominated by dextral-coiled N. pachyderma. These assemblages mark the Transitional Assemblage. Glacial assemblages exhibit much lower diversity and are dominated by sinistral-coiled N. pachyderma. This is the Subarctic Assemblage. In the modern ocean, the Transitional and Subarctic assemblages are associated with the 10°C summer isotherm.
3. Most of the sequence is represented by end-member Transitional and Subarctic assemblages. The Transitional Assemblage is associated with the warmest episodes that occurred during Stage 1 (Holocene) and Substage 5e (Eemian). The Subarctic Assemblage is associated with the coldest intervals represented by Stages 2, 4, and 6, and also anomalously with a relatively warm interval during the younger part of Stage 5 (5c to 5a). During these intervals, Subarctic waters (<10°C) migrated to the south of Santa Barbara Basin. Stage 3 is the only prolonged interval marked by planktonic foraminiferal assemblages of intermediate character. At this time, Subarctic Water was close to the Santa Barbara region, and meridional changes in the 10°C isotherm caused high temporal variability in planktonic foraminiferal assemblages in Hole 893A.
4. Comparison with modern planktonic foraminiferal trends off western North America suggest that average sea-surface temperatures in Santa Barbara Basin varied between ~7°-8°C during glacial maxima to ~15°C during interglacial maxima including the Holocene. However, the total paleotemperature range would have been greater than 7 °-8°C.
5. Paleoclimate changes during the last 20 k.y. in Hole 893A are well marked by quantitative changes in planktonic foraminiferal assemblages. The Subarctic Assemblage associated with the last glacial maximum is replaced, during Terminations 1A and IB, by the Transitional Assemblage characteristic of the Holocene. A significant temporary reversal toward cooler assemblages occurred during the Younger Dryas (13 to 11.2 ka). Surface-water temperatures at that time remained higher than 10°C, although Subarctic Water was then probably located close to the Santa Barbara region.
6. Large frequency changes in Globigerina bulloides occurred throughout both glacial and interglacial intervals in Hole 893A. Because relatively high abundances of G. bulloides may represent evidence for significant oceanic upwelling, it is suggested that such upwelling continued in Santa Barbara Basin during both glacial and interglacial episodes.
